Abstract Purpose: Recent studies of cancer metastasis have focused on the role of premetastatic gene expression and circulating tumor cells.We did a blind prospective study in gastric cancer to assess the significance of isolated tumor cells (ITC) and to test the hypothesis that vascular endothelial growth factor receptor-1 (VEGFR-1) is expressed within the bone marrow at tumor-specific, premetastatic sites. Experimental Design: Both bone marrow and peripheral blood samples from 810 gastric cancer patients were collected at the Central Hospital, National Cancer Center (Tokyo, Japan). The samples were transferred to Kyushu University Hospital (Beppu, Japan) where they were analyzed by quantitative real-time reverse transcription-PCR for three epithelial cell markers, carcinoembryonic antigen, cytokeratin-19, and cytokeratin-7, as well asVEGFR-1. Results: ITCs were observed in peripheral blood and bone marrow even in early stages of gastric cancer. The frequency of ITC in bone marrow was significantly associated with the stage of disease by ANOVA (P < 0.01). Gastric cancer metastasized when ITCs were observed in the presence of VEGFR-1. In the 380 patients who were ITC negative and showed low VEGFR-1 expression, synchronous (at the time of surgery) and heterochronous (recurrent) metastases were not observed. Conclusions: ITCs circulate even in early stages of disease. Furthermore, elevated expression of VEGFR-1 facilitates the establishment of hematogenous metastases in gastric cancer. This study indicates that the simultaneous presence of ITC and VEGFR-1 expression at premetastatic sites is clinically significant for disease progression.
Recent studies of patients with cancer of the gastrointestinal tract have used immunohistochemical approaches and PCR to show the presence of isolated tumor cells (ITC) in peripheral blood and/or bone marrow (1 -11) . Using immunohistochemistry, some investigators have concluded that the presence of ITC was not related to either recurrence or prognosis of gastric or colorectal cancer (1, 12 -14) . It is not known whether the presence of ITC detected by quantitative reverse transcription-PCR (RT-PCR) can predict disease-free survival and overall survival in gastrointestinal tract cancer.
The interpretation of published data has been rather uncertain due to small patient populations and to the diversity of analytic variables used by different institutes, such as target organs, target molecules, and assay systems. Because gastric cancer is recognized as one of the major intractable malignancies in Japan, we organized a prospective blind study of a large number of gastric cancer cases to establish the clinical significance of ITC. Two independent groups conducted the current study. One team at the Central Hospital, National Cancer Center (Tokyo Japan) collected samples from both bone marrow and peripheral blood from 810 patients with gastric cancer. For molecular analysis, the samples were transferred to a second group of collaborators at Kyushu University Hospital (Beppu, Japan). No clinical or pathologic information was given to the Kyushu University group until the analyses were completed. Similarly, the expression data analyzed at the Kyushu University were not sent to surgeons in the Central Hospital, National Cancer Center.
Recent studies of cancer metastasis have also examined the role of host responses in hematogenous metastasis and peritoneal dissemination. It is believed that the mechanisms that guide tumor cells to a specific tissue may involve molecular properties inherent in the tumor cells themselves, as well as modulation by host immune cells and host progenitor cells. Kaplan et al. (15) reported that bone marrow -derived hematopoietic progenitor cells that express vascular endothelial growth factor receptor-1 (VEGFR-1) home to tumor-specific premetastatic sites and form cellular clusters before the arrival of tumor cells both in vitro and in vivo. Therefore, we hypothesized that metastasis of gastric cancer requires both the presence of ITC and high expression of VEGFR-1 [VEGFR-1 (high)]. The current study was designed to test this hypothesis. Before this study, we reported a significant association between the up-regulation of VEGFR-1 and distant metastasis in a few gastric cancer cases (16) . However, due to the limited number of cases, we were unable to define the significance of both circulating ITC and elevated expression of VEGFR-1.
In the current analysis, we aimed to resolve the controversy surrounding the presence of ITC in peripheral blood and in bone marrow by using quantitative RT-PCR in >800 cases of gastric cancer. Moreover, we sought to determine the clinical significance of ITC numbers and elevated expression of VEGFR-1 in hematogenous metastasis of gastric cancer.
Materials and Methods
Gastric cancer cases. Physicians (T.F., K.I., T.E., and M.S.) collected bone marrow and peripheral blood samples from 810 Japanese gastric cancer patients who underwent surgery from 2001 to 2004 at the Central Hospital, National Cancer Center. Documented informed consent was obtained from all patients. There were 546 male and 264 female patients with an average age of 61.5 years and a range of 24 to 89 years (Table 1) . With regard to hematogenous progression of gastric cancer, there were six cases of lung metastasis and five cases of liver metastasis observed at the time of surgery. During 2 years of observation, follow-up postoperative computed tomography found 13 cases of recurrent lesions. With regard to peritoneal dissemination, 26 cases showed at the time of operation or at postoperative follow-up. Among the 810 cases, 501, 107, 74, and 128 were classified as stages I, II, III, and IV, respectively, according to the Treaty for Japanese Gastric Cancer Association (17) .
Normal controls. Preliminary trials were undertaken to assure that results were accurate and reliable. We used highly specific hybridization probes and primers to maintain high specificity for target genes and thereby reduce false-positive outcomes. For normal negative controls, both peripheral blood and bone marrow were collected from 29 patients having no malignancy from April 2000 to March 2003. This group included 20 cases of gallstone, 3 cases of common bile duct stone, and 6 cases of hernia.
RNA extraction. Samples transferred from Tokyo to Beppu remained frozen while in transit. Total RNA was extracted from bone marrow and peripheral blood as described elsewhere (7) . In brief, bone marrow was aspirated from the sternum of patients before surgery under general anesthesia. The first 1.0 mL of bone marrow and peripheral blood was discarded to avoid contamination by the skin. The second collected 1.0 mL of bone marrow and peripheral blood was put into 4.0 mL of Isogen-LS (Nippon Gene), and total RNA was extracted according to the manufacturer's protocol.
Primers and probes for quantitative real-time RT-PCR. Quantitative RT-PCR methodology was designed to optimize the specificity and fidelity of the assay. The Kyushu University group had previously investigated the expression of seven representative molecular markers [carcinoembryonic antigen (CEA), cytokeratin (CK)-7, CK-18, CK-19, CK-20, mammaglobin, and mucin-1] in 27 cancers and eight nonepithelial cell lines using quantitative RT-PCR. The expression levels of CK-7 and CK-19 showed high sensitivity and specificity for the identification of gastric cancer cells in comparison with the other markers (18) . Those epithelial cell markers have been widely used as target genes for the detection of ITC (1, 19 -22) . Thus, CEA, CK-7, and CK-19 were studied by quantitative RT-PCR in all 810 patients. ITCs were considered present when any single marker was positive. The reverse transcription reaction was done as previously described (18) . In brief, the first-strand cDNA was synthesized from 2.7 Ag of total RNA in 30 AL reaction mixtures containing 5 AL of 5Â reverse transcriptase buffer (Life Technologies), 200 Amol/L deoxynucleotide triphosphate, a 100 Amol/L solution of random hexadeoxynucleotides, 50 units of RNasin (Promega), 2 AL of 0.1 mol/L DTT, and 100 units of Moloney leukemia virus reverse transcriptase (Life Technologies). The mixture was incubated at 37jC for 60 min, heated to 95jC for 10 min, and then chilled on ice.
We did real-time quantitative RT-PCR using a LightCycler instrument (Roche Diagnostics) to detect ITC in peripheral blood and/or bone marrow. The following target genes were used. For CEA, primers were as follows: sense, 5 ¶-GACGCAAGAGCCTATGTATG-3 ¶; antisense, 5 ¶-GGCA-TAGGTCCCGTTATTA-3 ¶; and probes, 5 ¶-CCCAGACTCGTCTTACCTTT-CGG-3 ¶-fluorescein (donor) and 5 ¶-LCRed640-AGCGAACCTCAACCT-CTCCTGC-3 ¶-phosphorylated (acceptor). For CK-19, primers were as follows (23, 24) : sense, 5 ¶-AGGTGGATTCCGCTCCGGGCA-3 ¶; antisense, 5 ¶-ATCTTCCTGTCCCTCGAGCA-3 ¶; and probes, 5 ¶-TGAGCGTGAAGCT-GGCCCTGGACATCGA-3 ¶-fluorescein (donor) and 5 ¶-LCRed640-GAAC-CAGGCTTCAGCATCCTTC-3 ¶-phosphorylated (acceptor). For CK-7, primers were as follows: sense, 5 ¶-ACATCAAGAACCAGCGTGCC-3 ¶; antisense, 5 ¶-TCACGGCTCCCACTCCATCT-3 ¶; and probes, 5 ¶-TGAG-CGTGAAGCTGGCCCTGGACATCGA-3 ¶-fluorescein (donor) and 5 ¶-LCRed640-ATCGCCACCTACCGCAAGCTGCTGGAGG-3 ¶-phosphorylated (acceptor). We used glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. The primer was as follows: sense, 5 ¶-TGAACGGGAAGCTCACTGG-3 ¶; antisense, 5 ¶-TCCACCACCCTGTT-GCTGTA-3 ¶; and probes, 5 ¶-GAGTGGGTGTCGCTGTTGAAGTCA-3 ¶-fluorescein (donor) and 5 ¶-LCRed640-AGGAGACCACCTGGTGCTCA-GTGTA-3 ¶-phosphorylated (acceptor).
VEGFR-1 expression and ribosomal protein S27a internal control. The sense primer of VEGFR-1 mRNA was 5 ¶-TCATGAATGTTTCCCTGCAA-3 ¶ and antisense primer was 5 ¶-GGAGGTATGGTGCTTCCTGA-3 ¶. We used the ribosomal protein S27a as an internal control. The sequence of ribosomal protein S27a primers was as follows: 5 ¶-TCGTGGT-GGTGCTAAGAAAA-3 ¶ (sense) and 5 ¶-TCTCGACGAAGGCGACTAAT-3 ¶ (antisense). Real-time monitoring of PCRs was done using the LightCycler system (Roche Applied Science) and SYBR Green I dye (Roche Diagnostics).
RT-PCR conditions and analysis. For amplification of GAPDH, an initial denaturation at 95jC for 10 min was followed by 15 s at 95jC, 15 s at 60jC, and 13 s at 72jC. For CEA amplification, an initial denaturation was followed by 15 s at 95jC, 15 s at 56jC, and 11 s at 72jC. All experiments were done twice to confirm reproducibility. If two runs differed by >2-fold, a third trial was undertaken. Results were calculated from the average of the two closest runs. The results of RT-PCR were sent from Beppu to Tokyo for analyses.
Culture of bone marrow from gastric cancer cases. We extracted 10 mL of bone marrow from the sternum of gastric cancer patients just before surgery (with documented informed consent) in the Department of Surgery, Kyushu University Hospital. Then, mononuclear cells were isolated after centrifugation of whole bone marrow. Marrow mononuclear cells were deposited on slides by centrifugation followed by immunostaining with A45-B/B3 (CK8/18 8/19). The remaining mononuclear cells were grown in RPMI 1640 (which included 10% fetal bovine serum, 1% ITS-A, 2% penicillin/streptomycin, and 1% L-glutamine) with addition of 50 ng/mL epidermal growth factor and 10 ng/mL basic fibroblast growth factor at 37jC 10% O 2 and 5% CO 2 . After 4 weeks, cells underwent immunostaining. One cytospin was done with at least 1 Â 10 5 cells with A45-B/B3 antibody, whereas a negative control was done with MOPC21 antibody (IgG1 isotype control). The immunostaining assay was done as described by Solakoglu et al. (25) .
Statistical analysis. Expression of CEA, CK-7, and CK-19 was adjusted in each case for GAPDH expression. We set cutoff values for those expression ratios (CEA/GAPDH, CK-7/GAPDH, and CK-19/ GAPDH) as the highest value for each marker in 29 normal controls. As we show in Table 1 Research. and CK-19 -positive cases was 107, 152, and 247, respectively. The incidence of CEA-positive, CK-19 -positive, and CK-7 -positive cases in peripheral blood and those in bone marrow were compared by Fisher's exact test. The relationship between clinicopathologic variables and marker expression was compared by the same analysis. The relationship between the presence of ITC and the stage of disease was calculated by ANOVA test. The expression ratio of VEGFR-1/GAPDH was calculated and expressed as '' VEGFR-1 expression'' in Table 2 . The cutoff value was set as the highest value of the 95% confidence interval of VEGFR-1 expression in normal control cases (16) . As depicted in Fig. 1 , the clinical significance of the presence of ITC and VEGFR-1 expression was compared by Fisher's exact test and calculated odds ratio.
Results
Expression of CEA, CK-7, and CK-19 in bone marrow and peripheral blood cells. We identified 107 of 810 (13.2%) cases that were positive for expression of CEA in bone marrow, whereas 62 (7.7%) were positive in peripheral blood ( Table 1) . As for CK-7, 152 patients (18.8%) and 72 cases (8.9%) were positive in bone marrow and in peripheral blood, respectively. CK-19 expression was detected in bone marrow in 247 cases (30.5%) and in 145 cases (30.5%) in peripheral blood. A significant correlation between peripheral blood and bone marrow was observed for each marker (P < 0.0001). Gastric cancer cases with positive expression of any one of the three markers were defined as ITC positive in bone marrow or peripheral blood. As outlined above, ITCs were detected in 394 (48.6%) cases in bone marrow and 247 (30.5%) cases in peripheral blood. Clinical significance of ITC in bone marrow and peripheral blood in gastric cancer. The frequency of ITC in bone marrow increased with the progression of disease from stage I to stage IV (P = 0.007, ANOVA; Table. 1). In addition, there were significant associations between the number of marrow ITC and the size of the tumors (P = 0.03, Student's t test) and between frequency of ITC and the incidence of vascular invasion (P = 0.005, Fisher's exact test). Therefore, the presence of ITC in bone marrow correlated with the progression of gastric cancer. Interestingly, the ITC identified in 230 of 501 cases (58.4%) were found in stage I patients. Note that the presence of ITC in the peripheral blood was not predictive of the progression of gastric cancer (Table 1) .
Clinical magnitude of VEGFR-1 expression in gastric cancer. Our previous study of 88 patients revealed that cases positive for peripheral blood VEGFR-1 mRNA were associated with advanced clinical stage, deep invasion beyond the muscularis propria, lymphatic involvement, vascular involvement, lymph node metastasis, positive peritoneal lavage cytology, preoperative metastasis, and postoperative recurrence (16) . The current study based on 810 cases (which included the original 88 patients) confirmed those data. As shown in Table 2 , high VEGFR-1 expression was observed in bone marrow in 50 cases (6.2%) and in peripheral blood in 81 cases (10%). In bone marrow, the average age of patients in the high VEGFR-1 expression group was significantly greater than that of the low VEGFR-1 expression group (P = 0.03). Tumor size was significantly larger in the high VEGFR-1 cases than the low VEGFR-1 cases (P = 0.006). As for hematogenous progression of gastric cancer, the frequencies of simultaneous lung metastases and liver metastasis and synchronous metastases (recurrence) were significantly greater in the high VEGFR-1 cases than those in the low VEGFR-1 cases (P = 0.048, P = 0.033, and P < 0.0001, respectively). It is intriguing that there was no significant association between VEGFR-1 status and peritoneal dissemination.
In peripheral blood, a significant association was observed in the simultaneous and synchronous hematogenous metastases as described on the right side of Table 2 . As suggested by our preliminary study, the incidence of vascular involvement was Hematogenous metastasis of gastric cancer requires both ITC and high VEGFR-1 expression. In Fig. 1A (bone marrow), 380 patients who were ITC negative and VEGFR-1 (low) showed no lung or liver metastases, whereas 8 of 36 ITC-negative and VEGFR-1 (high) cases (22.2%) showed metastases. We found an extremely high odds ratio for hematogenous metastasis in bone marrow when combining the presence of ITC and VEGFR-1 status (227 + 14.7) in predicting hematogenous metastasis compared with the evaluation of VEGFR-1 alone (26, 21) or ITC status alone (not statistically significant). In Fig. 1A (peripheral blood), predicting hematogenous metastasis by the odds ratio of VEGFR-1 status alone (47.95) is almost equal to the combined data for ITC and VEGFR-1 (28.13 + 22.95). In Fig. 1B (bone marrow) , there are significant associations in the combined data for ITC negativity and low VEGFR-1 expression (P = 0.0007) and VEGFR-1 status alone (P = 0.0023). However, the odds ratio of ITC and VEGFR-1 status to the incidence of peritoneal dissemination was lower than data for hematogenous metastases. Moreover, it is interesting that the presence of ITC and the expression of VEGFR-1 in peripheral blood did not predict peritoneal dissemination.
When analysis is limited to 206 cases of advanced gastric cancer without metastasis at the time of surgery (stage II and III), there were 8 cases with postoperative recurrence and 198 cases without it. Three of 8 (37.5%) cases with recurrence were ITC positive and VEGFR-1 (high), whereas 192 of 198 (97.0%) cases without recurrence were either ITC negative or VEGFR-1 (low) (P = 0.0029, Fisher's exact test). Thus, VEGFR-1 status indicated a significant association with the incidence of postoperative hematogenous metastasis in stage II and III cases (P = 0.0002). The odds ratio and the relative risk of the combined data were 19.20 and 13.13, respectively, whereas those for VEGFR-1 alone were 21.90 and 16.40, respectively. Table 3 shows multivariate analysis for perioperative and/or postoperative lung and liver metastasis in ITC bone marrowpositive patients. High expression of VEGFR-1 is the strongest independent factor predicting lung metastases as well as liver metastases compared with other clinicopathologic variables. Moreover, the relative risk ratio for metastasis in 26 cases that were ITC positive and VEGFR-1 (high) was greater than other groups, such as 36 cases of ITC negative VEGFR-1 (high), 62 cases of VEGFR-1 (high), and 394 cases of ITC positive (data not shown).
Presence of CK-positive cells in bone marrow. One of four early gastric cancer cases showed an increased number of CKpositive cells 4 weeks after cultivation under the specific conditions described here (Table 4 ; Fig. 2 ). Two years have elapsed since the extraction of bone marrow cells before operation. However, there is no evidence for recurrence in this patient (case 214). 
Discussion
Presence of ITC and high expression of VEGFR-1 in metastasis. The fraction of ITC-positive cases correlated significantly with the stage of disease by ANOVA (Table 1) . However, the differences between ITC-positive rates at different stages of disease did not by themselves suggest a mechanism for gastric cancer metastasis. That result led us to pursue novel factors in metastasis of gastric cancer. In Fig. 1A , hematogenous metastases were significantly associated with ITC status when combined with the level of VEGFR-1 expression. The odds ratio and relative risk were higher for the combined variables than for ITC alone or VEGFR-1 alone. This finding was supported by the previous study in vivo by Kaplan et al. (15, 26) , who found that bone marrow -derived hematopoietic progenitor cells that expressed VEGFR-1 home to tumor-specific, premetastatic sites and form cellular clusters before the arrival of tumor cells. Thus, our current study provides strong support for the hypothesis that metastases are promoted when ITC circulate in the presence of elevated levels of VEGFR-1. Kaplan et al. reported that VGFR-1 originated from hematopoietic progenitor cells in bone marrow and functions as a cancer niche to facilitate metastasis. Calabrese et al. (27) and Folkins et al. (28) reported that perivascular niches play an important role in the growth of brain tumors originating from cancer stem cells. Those studies were conducted both in vitro and in vivo. Our study provides clinical data showing the importance of cancer cells and the simultaneous presence of niche-expressing VEGFR-1 cells.
With regard to advanced cases without metastases at the time of surgery (stages II and III), recurrence of disease was more frequently observed in cases in which both ITC and high expression of VEGFR-1 were observed than in other cases of stages II and III. In other words, the development of metastatic lesions requires ITC in the presence of VEGFR-1 -expressing cells. In further support of this conclusion, Fig. 1A showed that when VEGFR-1 was low in bone marrow, only 9 of 368 ITCpositive cases developed metastases, whereas none of the 380 cases lacking ITC formed metastatic lesions. Therefore, both ITC and high levels of VEGFR-1 are necessary to support metastasis.
Presence of ITC in early gastric cancer. It is extraordinary that >50% of early gastric cancer cases expressed at least one ITC marker in early stages of the disease. It is possible that expression of those genes in bone marrow or peripheral blood may not occur in cancer cells themselves but in normal cells that have been stimulated by cytokines produced in the setting of carcinoma. In fact, Jung et al. (29) reported that CEA messages could be easily detected in cultured marrow cells after g-IFN stimulation. In cancer patients, the regulation of cytokines may be altered, and CEA/CK might well be expressed by normal cells subjected to cytokine stimulation, a possibility that should be studied in the near future.
Using the same methodology for detection of CEA, we previously found that CEA expression was associated with lower disease-free survival and overall survival in cases of colorectal cancer (7, 30) . In addition, we previously reported that 100 of 206 patients (48.5%) with breast cancer were positive for CK-7 in peripheral blood or bone marrow. The group expressing CK-7 in peripheral blood had poorer diseasefree survival than did the negative group (P < 0.01). The same methodology showed a positive association between gene expression and recurrence or poor prognosis in colon and breast cancers but no statistically significant correlation in gastric cancer. We speculate that gastric cancer cells are circulating or disseminating even from an early stage of disease, and the disease differs from colorectal cancer and breast cancer. As a matter of fact, according to our results with cultured bone marrow mononuclear cells, CK-positive cells were detectable in bone marrow even in early gastric cancer cases (Table 4 ; Fig. 2) . Note, however, that CK expression alone is not clinically relevant. Rather, metastasis and/or recurrence are more likely to occur when CK-positive cells in bone marrow encounter other factors that facilitate development of gastric cancer.
Considering the finding that ITCs were readily detected even at early stages of gastric cancer, the hypotheses of Gray et al. (31) are important for interpreting our current data. They presented two opposite paradigms describing tumor progression to metastasis. In general, it is believed that metastasis usually occurs through clonal genomic and epigenetic evolution; that is, after growth of the primary tumor, a metastatic cell population is subsequently formed. On the other hand, a parallel evolution model proposes that tumor cells disseminate at a very early period and evolve to metastatic disease independent of the primary tumor (31) . The data presented here suggest that gastric cancer is best described by the latter paradigm.
In conclusion, we have shown the presence of ITC in peripheral blood and bone marrow in both early and late stages of gastric cancer. Formation of metastases is most likely when ITCs circulate in the presence of high levels of VEGFR-1.
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